EXPLANATION OF SYMBOLS
A Drainage area, in square miles. B Drainage class, basin designated as developed; all small tributaries storm sewered, but larger channels retained in a natural state. d A subscript referring to a developed condition within a basin*. E Precipitation excess. e A subscript referring to rainfall excess. / The percentage of impervious area of a basin. i A subscript referring to a given percentage of imperviousness within a basin. K Coefficient that accounts for the percentage of impervious cover in the discharge equations. L Length of the stream, in miles. N Drainage class, basin designated as natural (rural) . n A subscript referring to a natural basin. P Drainage class, basin designated as partially developed; some sewers and 4-20 percent imperviousness. Q Average or mean annual flood, in cubic feet per second. Q Peak discharge for basin condition or recurrence interval specified by subscript. R Ratio of a flood to the mean annual flood in terms of the percentage of impervious area and frequency of the flood. S The bed slope of the stream, in feet per mile. T Lag time, in hours, defined as average time between centroid cf rainfall excess and centroid of direct runoff. U Drainage class, basin designated as fully developed; all streams completely sewered and main channels alined (repositioned in places to eliminate excessive meanders). u A subscript referring to a completely sewered and fully developed basin. z A subscript referring to a completely sewered basin without impervious area.
INTRODUCTION PURPOSE AND SCOPE
Suburban areas in all parts of the Nation are growing at a remarkable rate. Streets, housing developments, and shopping centerr are replacing farms and woodlands. Continued growth is expected and will increase competition for available space. Careful guidance and planning of future development will be required to insure optimum land use.
Effects of flooding are a necessary consideration in planning land use and development. Encroachment in flood-prone areas must be conci trolled, and adequate storm sewers and drainage channels must be provided at minimum cost. Municipal planners and engineers, therefore, need information on the expected frequency and discharge of floods and on the possible depths and areal extent of inundation. Given the magnitude of an expected flood, engineers can design the drainage system needed or determine the areas subject to inundation. Hydrologists have defined reasonably accurate methods for estimating the magnitude and frequency of floods expected from drainage basins in a rural condition. However, as a drainage basin is changed to a suburban or urban condition, the magnitude and frequency of flooding also change. These changes resulting from basin development have received only limited study because of the small amount of information available.
In an effort to obtain guidelines for optimum land-use planning, the U.S. Geological Survey, in cooperation with Fairfax County and the city of Alexandria, Va., established a cooperative project to study the effects of basin development on floods. The project allowed for collection of basic data, for analytical investigation, and for definition of flood-prone areas.
This report describes the procedures used and the results obtained in an analysis of the effects of urbanization on flooding. Results are presented as mathematical and graphical relations that may be used to estimate, at sites having various degrees of development in the Washington metropolitan area, the flood-peak discharge expected to be exceeded, on the average, once in any period of time ranging up to 100 years. This is the information needed to design drainage systems and to delineate flood-prone areas. Although the cooperative project includes delineation of flood-prone areas, that phase is considered to be a separate problem, unique for each stream, and is omitted from discussion in this report.
The relations presented are applicable only to the Washington, D.C., area, but the method of analysis is general and may be used for any area where the major floods result from rainfall.
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DESCRIPTION OF AREA
Fairfax County and the city of Alexandria are adjacent to and west of Washington, D.C. (fig. 1) . Alexandria has been a commercial and residential city since colonial times and in recent years has undergone considerable development and redevelopment. A large part of Fairfax County remains in a rural state, primarily pasture or woodland, although residential development is occupying increasingly larger f arts. The population of Fairfax County has grown from 41,000 in 1910 to FIGURE 1. Study area and location of gaging-station sites. 360,000 in 1966 and is expected to reach 1 million before the end of the century.
The study area is in the Piedmont and Coastal Plain physiographic provinces (Fenneman, 1938) . Land surfaces are less than 500 feet above sea level and are gently rolling. Runoff reaches the Potomac River through small streams; only Occoquan Creek drains more than 100 square miles. Stream channels are well defined, and most flood plains are covered with a dense growth of brush. Stream channels are fairly steep; main channels commonly fall over 15 feet per mile, and small tributary streams commonly fall over 100 feet per mile.
The climate is humid. Average annual precipitation exceeds 40 inches and is about uniformly distributed throughout the year. Three types of storms can cause flooding in the area. Summer thunderstorms having short-duration but high-intensity precipitation are the most frequent cause of flooding. Longer duration but lower intensity precipitation resulting from frontal storms may occur in any season and occasionally cause flooding. Hurricane storms in late surrmer and fall may cause severe flooding.
PREVIOUS STUDY
Analytical methods employed in this report are ba^ed upon concepts presented by Carter (1961) , described with the aid of figure 2, a symbolic representation (not to scale) of flood hydrographs. These concepts are applicable to average-size floods.
The solid-line hydrograph in figure 2 represents a flood from a natural drainage basin. If the drainage system of the basin is improved by adding storm sewers and alining stream channels,1 the runoff will leave the basin faster and thereby change the hydrograph to a shape shown by the dash-dot line. Storm-sewer drainage is assumed to have negligible effect on the volume of precipitation excess, so the volume of runoff represented by the area under the hydrograph is equivalent for these two conditions. As a drainage basin is developed construction of buildings, roads, and parking lots reduce? the amount of precipitation that infiltrates into the ground, thereby increasing the amount of precipitation excess or direct runoff; this results in the hydrograph shown by the broken line. Discharge.-hydrograph changes shown in figure 2 are based on the assumptior of uniform areal distribution of development within the basin. Carter (1961) proposed a coefficient of imperviousness, K, to evaluate the change in runoff and peak flows, so that Qu KQz, where Qu is the peak discharge after ultimate development and Qg is the peak discharge for a completely sewered basin without impervious areas. He suggested that the value of K could be determined from the percentage of basin area covered with impervious surface. From a study of rainfall quantities and flow volumes, he determined that for average floods in the Washington metropolitan area about 30 percent of total rainfall on natural basins becomes direct runoff; and he assumed that about 75 percent of rainfall on impervious surfaces becomes direct runoff. On this basis he formulated the coefficient of imperviousness, K, as
where / is the percentage of basin area covered with impervious surface
The change in peak discharge because of drainage improvements is related to lag time, T. Lag time is defined as the time from the centroid of rainfall excess to the centroid of direct runoff and is shown diagrammatically in figure 2. Synder (1958) found that lag time could be determined from indices of basin length, L; basin slope, $; and channel roughness. Carter used length and slope as indices to estimate separate lag times for basins with natural channels and with all channels sewered.
For natural conditions, the between-basins variation of averageflood size, Q, is related to basin area, A, and to lag time, T. A mathematical expression of this relation may be determined by regression techniques. Carter noted that data from deve] oped basins may be used to aid in determining the relation if the ejects of imperviousness are removed and it is assumed that T and K are independent. On this basis he defined a relation of the form I-Kã nd suggested that by determining appropriate values for K, A, and T, the relation could be used to estimate average-size floods for basins with impervious surfaces and storm-drainage systems.
The effects of urban and suburban development on average floodflows can be denned from data collected in natural and developed basins using the analytical techniques described earlier. Precipitation and streamflow information gathered from the regular gaging-station network in northern Virginia was inadequate to define these effects with confidence. Therefore, a supplemental data-collection system was designed and started in 1959. A network could have been designed which would monitor basins as they changed from a natural to a developed condition; however, complete basin development cm and often does require many years. The simplest and most expedient approach, therefore, was to sample for a short period many basins having a wide range of physical characteristics and basin development.
Streamflow information gathered from the supplemental network was a continuous record of flow during flood periods. Water-stage recorders were installed in simple structures, each consisting of a plywood shelter mounted on a corrugated pipe well. Discharge measurements were made to determine rating curves needed to convert the recorded water stage to a continuous record of floodflow. Beer-use of the simple method of gage construction, a gaging station could easily be moved to a new site after adequate information had been obtained. The regular gaging-station programs maintained by the U.S. Geological Survey in Maryland and Virginia provided data for 17 sites, and the supplemental gaging network provided streamflow data for 38 sites. Data for six regular gaging stations were provided by the Virginia Department of Conservation and Economic Development, Water Resources Division.
Additional streamflow information for 14 small highly impervious basins were obtained from personnel of the Johns Hopkins University in Baltimore, Md., and the University of Delaware in Newark, Del. Lag times for six completely sewered streams in Louisville, Ky., were obtained from a report by Snyder (1958) .
To supplement the precipitation records gathered by ttn U.S. Weather Bureau, tipping-bucket rain gages were installed at all regular and supplemental gaging sites. These gages recorded the time distribution of rainfall directly on the water-stage-recorder charts and provided an accurate measure of the lag time between precipitation excess and resulting runoff.
The data-collection network provided for this study the mopt complete information that has yet been obtained for a study of the effects of suburban development on floods.
ANALYSIS
The analysis consists of two parts. In the first part, methods proposed by Carter (1961) are used and the increased amount of information now available employed to verify or adjust relations he had defined for evaluating the effect of basin development on a.verage-size floods. Relations are developed for estimating the average-size flood from basin characteristics for drainage areas in a rural condition and for urban or suburban development. In the second part of the analysis, relations are defined for evaluating the effects of urbanization on floods of all sizes.
DETERMINATION OF BASIN CHARACTERISTICS
Lag time, coefficient of imperviousness, and average flood were related to basin characteristics. All drainage basins of small to moderate size lying within about 50 miles of the Alexandria-Fairfax area were used to develop these relations. The sample basins ranged in character from almost entirely natural to completely paved areas with storm sewers replacing all natural channels.
Indices of the physical and hydrologic characteristics were determined for each basin and are shown in table 1. In table 1, columns 1 and 2 show, respectively, the numbers used to identify rtream-gage locations in figure 1 and those used to identify streamflow records appearing in U.S. Geological Survey data publications. Columns 3 through 5 indicate the drainage basin, the period of streamflow records, and the agency that collected the data. Basin indices are shown in columns 6-13 and were evaluated by methods describee1 in the following paragraphs.
Basin size, A, is the drainage basin area in square miles. For most sites it' was determined by planimetering the basin outline on the best available topographic maps. For very small basins the drainage boundaries were surveyed, and the area was planimetered from s. large scale drawing.
Lag time, T, is the average time interval between the centroid of rainfall excess and the centroid of direct runoff. Lag time is fairly constant for all average-size or larger floods from both ratural and uniformly developed drainage areas, provided that the basin was wet prior to the storm.
Computation of lag time is a tedious job. To facilitate the work, lag time was determined from the three to six storms on each Hsin which came closest to meeting the following criteria: 1. Rainfall records indicated approximately uniform are^.l distribution of rainfall. 2. Rainfall duration was short compared to lag time. Period of record used 1932-62 1934-62 1909-12 1930-66 1965-66 1930-66 1967 1963-66 1963 1961-66 1965-66 1935-66 1961-66 1944-66 1961-66 1961-66 1962-66 1961-66 1929-66 1938-66 1966-67 1966-67 1966-67 1924-66 1938-60 1961-66 1961-66 1960-66 Univ. Delaware; i 3, Snyder (1958 
teristics of drainage basi
Period of record used 1960-66 1960-66 1963-66 1960-66 1960-61 1960-66 1960-64 1960-66 1955-66 1960-64 1963-66 1948-60 1961-66 1947-66 1950-57 1959-66 1949-57 1960-61 1961-62 1964-66 1960-62 1964-66 1961-66 1963-64 1961-66 1961-66 1961-66 ins used in analysis Continued For each selected storm, the volume of precipitation ercess was adjusted to equal the volume of direct runoff. Methods described by Linsley, Kohler, and Paulhus (1958) were used to deterniine the time distribution of direct runoff from the hydrograph of total measured runoff. Infiltration curves similar to those described by Sherman (1940) aided in defining the time distribution of precipitation excess. The time difference between the centroids of these two distributions provided a measure of basin lag time.
Impervious-area index, /, is the percentage of basin area (A) covered with manmade impervious surfaces. Determinations for basins in the Washington metropolitan area were made us'ng aerial photographs dating from 1956 and 1960. In this study, the imperviousarea index represents conditions at the times for which the averageflood size and basin lag time were determined. The percentages of imperviousness for the basins in Maryland and Delaware were furnished by the agencies collecting the data.
Length, L, is the distance, in miles, along the primary water course from the basin mouth (stream-gaging site) to the basin boundary. It was measured on the best available maps.
Slope, S, is an index of basin slope. It was determined as the average slope, in feet per mile, of the main watercourse between points located 10 and 85 percent of the length, L, upstream from the stream gage. (Benson, 1959.) Length-slope, Ll-fS, was computed as the ratio of basin length to the square root of the basin slope.
Drainage class is an arbitrary designation based on field inspection of drainage channels, percentage imperviousness of the basir, and the extent to which tributaries and main channels are served by storm sewers.
Average flood, Q, was determined from a frequency curve. Frequency curves for each basin were constructed by computing the recurrence interval of each flood by the formula (y-\-l)/m where m is the relative magnitude of the flood, the highest value being 1, and y is the number of years of record. A smooth curve through the plot of recurrence interval versus flood-peak discharge forms a frequency curve. For sites having 8 or more years of flood record, only_ the largest peak in each year (annual-flood series) was used, and Q was selected at a recurrence interval of 2.33 years. For sites with less than 8 years of record, all the largest floods (partial-duration series) were usQ-d, and Q was determined at the 1.78-year recurrence interval. Langbein (1949) found that Q for the partial-duration and annual-flood series were comparable at the 1.78-and 2.33-year recurrence intervals respectively. While this may not always be true (U.S. Army Corps of Engineers, 1960) , analysis of long flood records in the study area indicates that Langbein's comparison is applicable.
DEFINITION OF RELATIONS

COEFFICIENT OF IMPERVIOUSNESS
The effect of building impervious surfaces on a drainage b°sin is to increase the volume of direct runoff and the magnitude of peak discharge. Values of K, the coefficient that accounts for this effect, were computed using the methods previously described. Information obtained during the study confirmed the validity of the method. A value of K was computed for each basin and is shown in table 1.
LAG TIME Lag time changes as a basin experiences development; therefore an estimate of the lag time for the degree of expected basin development is required to estimate future flood conditions. Using ds ta for 33 natural and 20 fully developed basins, relations were developed defining lag time, T, as a function of length and slope. Several linearregression models were tried and the results are shown in table 2. The effectiveness of each relation was determined on the basis of its standard error of estimate, a measure of its accuracy. Approximately two-thirds of the estimates provided by an equation will be accurate within one standard error, and approximately 19 out of 20 estimates will be accurate within two standard errors. Although equations using log T=/(log L, log $T) show a slightly smaller standard error, relations of the form log T=/(log (L/V&)) were selected as more appropriate for use on the basis of independent work by Snyder (1958) and theoretical considerations. Lag-time relations for natural channels (class AO and completely sewered channels (class U) are shown g~aphi-cally in figure 3 .
The ultimate degree of improvement predicted for most drrinage systems in the Alexandria-Fairfax area is storm sewering of all small tributaries but retention of larger channels in a natural state. The center relation shown in figure 4 provides estimates of lag time for this type (class B) of drainage system. The position of the center relation was based on plotted data for seven basins that are considered to have reached a condition of complete suburban development. The slope of the relation was computed by logarithmic interpolation between the slopes of the relations for natural (class N) and fully developed (class IT) basins, which are also shown in figure 4.
AVERAGE-FLOOD MAGNITUDE
The basin-to-basin variation in size of the average flood, Q, is related to variations in basin size, A, lag time, T, and coeffic; Qnt of imperviousness, K. Using data for 44 of the basins shown in table 1 in a multiple-regression analysis, the relation was evaluated as (2) This relation has a standard error of 23.3 and +29.9 percent and is nearly identical with the one defined from limited data by Carter (1961) . By transposition of the variable K, the defined relation may be rewritten in the form Q=230KA°-82 T-°-48.
In this form, the relation may be used to estimate the size of the average flood for any degree of basin imperviousness and for the three drainage systems shown in figure 4.
FREQUENCY AND MAGNITUDE
Previously denned relations provide a means of evaluating the average-size flood. In this section relations are described for estimating the magnitude of different flood frequencies and for various degrees of basin development. Frequency is expressed as a recurrence interval the average length of time between occurrences of floods equal to or greater than the indicated size. For example, tl x°, flood size exceeded about five times each 100 years has a recurrence interval of 20 years.
A flood-frequency curve based on recorded flood events describes the flood experience of a basin. Dalrymple (1960) outlired methods of defining frequency curves as dimensionless ratios so thr.t frequency curves of several basins could be compared. On the assumption that the difference in dimensionless frequency curves for natural basins in a local region resulted from vagaries of weather, Dalrymple proposed that the average dimensionless frequency curve for a region provides the best estimate of future flood frequencies. Methods outlined by Dalrymple were used to define the average dimensionlees frequency relation for natural drainage basins in the Alexandria-Fairfax region.
A long flood record is required to define a flood-frequency curve accurately. In the study region, flood records for seven natural basins cover most of the period 1931-62 and were used to define the regional average relation. A frequency curve was drawn for each site using the largest flood in each year (annual-flood series). The magnitude scale of each curve was then converted to a scale of ratios by dividing by the average-flood magnitude (magnitude at 2.33-year recurrence interval). At selected recurrence intervals of 2.33, 10, 25, 50, and 100 years the ratios were determined and averaged as shown in table 3. These average ratios define the regional average-frequency relation for natural drainage basins shown as the upper curve in figure 5 .
On an impervious surface the portion of rainfall becoming runoff is assumed to be constant for all storms. On a natural drainage basin a larger portion of rainfall from a large storm becomes flood runoff than from a small storm. This variation of direct runoff with storm size indicates that the dimensionless frequency relations will differ for natural and for impervious basins. Insufficient streamflow da ta were available to define directly a regional flood-frequency relation for basins with varying degrees of imperviousness. It was assumed that the shape of a dimensionless frequency curve for impervious basins approaches the shape of a dimensionless rainfall-frequency relation as imperviousness approaches 100 percent. Using U.S. Weather Bureau rainfall-frequency relations (1955) the dimensionless ratios shown in table 4 were computed and considered applicable as flood-frequency ratios for 100-percent-impervious basins. These ratios define the lower curve in figure 5. Flood-ratio curves in figure 5 for intermediate degrees of imperviousness were interpolated between the natural and 100 percent-impervious curves at any selected recurrence intervals using th°s relation
where Rt is the flood ratio for a given percentage of imperviousness, / is the percentage of basin covered with impervious surface, R10o is the flood ratio for a 100-percent-impervious basin, and /? is the flood ratio for a natural drainage basin. The curves of figure 5 provide a means of estimating the magnitude of a flood of any frequency if the average-flood size is known.
DISCUSSION
APPLICABILITY OF RELATIONS
A logical approach requiring several assumptions was used in defining the flood-estimation relations. The relations were basei on more information than had hitherto been assembled for any urban area. Because regression analysis defines relations that are mort accurate for the average of the sample data, flood estimates should H most accurate for basins with characteristics near the average of the sample basins. In particular the estimates are considered more accurate for basins in either a natural or a completely developed condition than for basins that are partially developed. Although the relations might be refined on the basis of information subsequently obtained, they should be useful to planners and engineers in their present form.
The relations were defined on the basis of information obtained primarily in the Washington, D.C., metropolitan area, and their applicability should be closely checked before they are used for any other area. Final computation of peak discharge is based on four factors: lag time, T '/ impervious coefficient, K; flood ratio, R; and drainage area, A.
Computation of the coefficient of imperviousness was based en runoff studies for natural and developed areas in northern Virginia. These relations may be far different in semiarid and arid areas where (1) the storm rain usually falls on dry soil and may run off in previously dry channels and (2) a high rate of evaporation may affect even the runoff from impervious surfaces.
Flood ratio R was based on interpolation between ratios for naturalflow runoff and those for 100-percent-impervious conditions derived from rainfall frequencies. The natural-flow ratios are for stations in the Washington metropolitan area. In other regions these ratios may vary drastically, primarily with climatic and rainfall characteristics.
EFFECTS OF DEVELOPMENT
The effects of development on flood-peak discharges may be assessed by using the defined relations in a ratio f orm Qn where the subscripts d and n refer to developed and natural conditions respectively. Using this equation, the effects of three length -slope ratios were computed for selected degrees of basin development and several flood-recurrence intervals. Results are shown in table 5. The three types of basins considered are small and steep, average, and large and flat as represented by L/^8 values of 0.1, 1, and 10 respectively. The two types of developed drainage systems considered are (1) completely storm sewered basins having alined channels and (2) basins having sewered tributaries and unalined, natural main channels. Ratios were computed for 0-, 20-, 50-, and 100-percent impervioMsness for floods having recurrence intervals of 2.33 (average), 25, 50, and 100 years. Table 5 supports the following general conclusions: 1. The effect of sewer installation, independent of impervious development, is to increase flood-peak magnitudes by a factor of two to three. 2. A completely impervious surface increases the average-size flood by a factor of 2i/£, but impervious surface has a decreasing effect upon larger floods and has an insignificant effect upon the 100-year flood. 3. For the type of suburban development expected in the study area, flood peaks on most basins will be increased by a factor of two to three.
USE OF RELATIONS
Relations defined in the analysis may be combined and summarized as Qx=QR=23QKRA°*2 T-°-**.
where Qx is the magnitude of a flood of z-year recurrence interval, in cubic feet per second, Q is the magnitude of the average flood, in cubic feet per second, R is the flood-frequency ratio determined from figure 5, K is the coefficient of imperviousness computed from equation 1, A is basin area, in square miles, and T is lag time, in hours, determined from figure 4. By use of appropriate values of K,T,A, and R, equation 4 may be used to estimate the future flood magnitude for any recurrence interval from 2.33 to 100 years, for either natural or developed conditions. Three physical characteristics of the basin, area, length, and slope, are required and may generally be obtained from topographic maps. Percentage of manmade impervious surface in the basin may be measured from aerial photographs but in actual practice will probably be estimated for the degree of development expected.
The following is an example of the application of the presented relations: Suppose it is desired to estimate the 25-year-peak discharge on Rabbit Branch near Burke, Va., for an expected future development consisting of a 40-percent-impervious surface and a drainage class defined as developed basin, having unalined main channels (class B). From topographic maps measure A =3. 81 square miles; Z=0.34 mile 10 percent of the distance to the basin rim, = 2.9 miles 85 percent of the distance to the basin rim, =3.4 miles to the basin rim; Elevation=282 feet at 10 percent of the distance to the basin rim, =395 feet at 85 percent of the distance to the basin rim. Relations have been presented for estimating the magnitude cf flood peaks for recurrence intervals having a maximum of 100 years on drainage basins having various degrees of urban or suburban development. Drainage area, length, and slope of the basin are required to use the relations. Information on the type of drainage-system improvement and the extent of impervious basin surface is also required, but in actual practice this information will usually be available from master plans depicting probable future development.
The relations were defined using all available information about the study area and pertinent data, collected in other areas. They are considered most applicable to basins in the Washington metropolitan area which are in a rural condition or are in a completely developed urban or suburban condition.
The lag time appears to be the basin characteristic most affected by urbanization. For the streams studied in this report, the lag tim?, for a completely storm-sewered system is about one-eighth that of a com-parable natural system, while storm sewering of only the tributaries (main channels unalined) reduces the lag time to about ons-fifth that of a comparable natural system.
The relations indicate that urban and suburban development significantly changes flood magnitudes. On small, steep basins, drainage improvements alone may triple average-flood magnitudes, and complete development of stream -channels with a 100-percent-imper^ious cover may increase average floods by a factor of nearly eight. The type of development anticipated in the city of Alexandria and Fairfax County can be expected at least to double the magnitude of all floods.
Information presented in this report should be an aid to engineers and planners who are charged with guiding future land use and development.
